The bandpass filtering properties of a rod network were studied via computer simulations. Sinusoidal current stimuli were applied to a single rod model to characterize its temporal filtering properties. The simulated frequency response revealed that a single rod behaves as a bandpass filter whose characteristics are affected by the stimulus strength and frequency. We analyzed the contribution of individual ionic currents to bandpass filtering and found that the filtering of small signals is largely regulated by the calcium-dependent currents I K(Ca) and I Cl(Ca) , whereas the filtering of large signals is regulated by the hyperpolarization-activated current, I h . Furthermore, rod network modeling by electrically interconnecting the single rod models revealed that the acceleration of signals that spread laterally through the rod network is attributed to I K(Ca) and not I h .
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Introduction
It is well known that the rod network in the retinae of lower vertebrates behaves as a bandpass filter for electrical signals. In the retinae of turtles and toads, it was found that the time to peak of the response was shorter in rods present at a greater distance from a slit of light (Detwiler, Hodgkin, & McNaughton, 1978; . In the retinae of tiger salamander, it was shown that the voltage responses to square current injection became more transient as they traveled through the rod network (Attwell & Wilson, 1980) . Detwiler, Hodgkin, and McNaughton (1978) , Detwiler, Hodgkin, and MaNaughton (1980) explained such bandpass filtering by assuming that the rod membrane behaves like an inductor. As suggested by them, if the potassium conductance of the membrane decreases with a delay in response to hyperpolarization, then the membrane exhibits inductance-like characteristics. Attwell and Wilson (1980) analyzed the membrane properties of rods and showed that the voltage-and time-dependent current I A with first-order kinetics activated by hyperpolarization, which largely corresponds to I h in the present nomenclature, makes the response more transient as it spreads laterally through the rod network. Owen and Torre (1983) suggested that small signals are bandpass filtered because of the action of time-, voltage-, and calciumdependent potassium conductance. Their results also ruled out the possibility that I h is involved in the underlying mechanism of the bandpass filtering of small signals. In the early 1980s, the biophysical details of ion channels in photoreceptors were largely unknown; therefore, it was difficult to explain the relationship between the light response and the underlying ionic mechanism. There is a need for further studies to understand the role of ionic currents in bandpass filtering.
Membrane ionic currents in photoreceptors have been analyzed using the voltage-clamp and imaging techniques (Attwell, Werblin, & Wilson, 1982; Bader, Bertrand, & Schwartz, 1982; Barnes & Hille, 1989; Corey, Dubinsky, & Schwartz, 1984; MacLeish & Nurse, 2007; Maricq & Korenbrot, 1988; Thoreson, Stella, Bryson, Clements, & Witkovsky, 2002) . Three voltage-dependent currents, i.e., hyperpolarization-activated current (I h ), delayed-rectifier current (I Kv ), and L-type calcium current (I Ca ) have been identified in rods along with two calcium-dependent currents, namely, calcium-activated chloride current (I Cl(Ca) ) and calcium-activated potassium current (I K(Ca) ). We have developed an ionic current model of rod photoreceptors based on these findings (Kamiyama, Ogura, & Usui, 1996) . In the present study, we expanded and improved this model to simulate the light response of a rod network. We analyzed the functional role of individual ionic currents in the bandpass filtering properties of rods via computer simulations.
A part of the results has been mentioned in the abstract (Kamiyama et al., 2005a; Kamiyama et al., 2005b) .
Methods
The methods used for modeling rod photoreceptors were essentially the same as those described previously (Kamiyama et al., 1996; Kamiyama et al., 2005a; Kamiyama et al., 2005b) . A parallel conductance model was used to describe the electrical properties Attwell, 1986) , and each rod is coupled to about four neighboring rods (Zhang & Wu, 2004) . The gap current between adjacent rods is voltage-independent and almost linear within the physiological range (Zhang & Wu, 2005) . The rod network is modeled as a two-dimensional square array; however, if it is stimulated by a slit of light, it can be modeled as a one-dimensional network. If a rod photoreceptor is 10 lm in diameter, a network model with 100 rods corresponds to a 1-mm rod syncytium, which is considerably larger than the receptive field size of rods (Copenhagen & Owen, 1980; Schwartz, 1976) , but sufficiently large for realistic modeling. On applying Kirchhoff's law to each rod, we obtained the following equations:
where C m is the membrane capacitance (nF), V i is the membrane potential (mV) at the ith position, and G gap is the gap junctional conductance (nS) between neighboring rods. The system of differential equations was solved using ode15s, the Matlab (Ver.6, Mathworks) stiff systems numerical integrator, with a time resolution of 1 ms.
Results

Simulated light responses of a single compartment of the rod
We use a mathematical model to investigate the dynamical properties of a rod photoreceptor. In the present study, the single rod model was improved as compared to the previous model (Kamiyama et al., 1996) by adjusting certain parameters (see Appendix A). In order to test the acceptability of the present model, we conducted computer simulations on the single rod. Fig. 1 shows the responses of the photocurrent, photovoltage, and ionic currents to a series of light flashes of increasing intensity. The voltage responses to the bright flashes exhibited a characteristic initial transient and a subsequent smaller plateau. The voltage responses to dim flashes reached the peak value before the photocurrent responses. Since these results are in good agreement with the experimental observations by Baylor, Matthews, and Nunn (1984) , they strongly support the feasibility of the model. We also confirmed that I h shapes the initial transient in the voltage response (Kamiyama et al., 1996) .
Simulated frequency response of the rod model
The voltage response of the rods to light is determined by the photocurrent in the outer segment, ionic currents in the inner segment, and current flowing through the gap junctions. In order to investigate the temporal filtering properties of a single rod, we employed a linear analysis approach (Spekreijse & Norton, 1970) and applied current stimuli modulated sinusoidally in time. Fig. 2 illustrates the simulated frequency response of the rod model. An example of voltage responses evoked by sinusoidal current stimuli is shown in Fig. 2a . The peak-to-peak voltage was divided by the stimulus current amplitude, and we obtained frequency characteristics ranging from 0.2 to 200 Hz in frequency and 1-500 pA in stimulus strength (Fig. 2b ). This value is termed the ''gain," and it has unit impedance (mV/pA). The frequency response does not depend only on the frequency but also on the strength of the current. In Fig. 2c , the frequency responses to 1, 20, 30, 50, and 100 pA are superimposed. The frequency response to 1 pA shows a steep peak around 10 Hz, where the current induces a peak-to-peak membrane potential of approximately 1 mV (Fig. 2a) . The steep peak gradually disappears as the strength of the current increases. The frequency response to 100 pA is identical to that of a bandpass filter with a center frequency of around 50 Hz, where the current induced a peak-to-peak membrane potential of approximately 60 mV (Fig. 2a) . These results clearly demonstrate that the single rod behaves as a bandpass filter and that the filter characteristics change in accordance with the response amplitude. This property suggests that the rod has multiple bandpass filtering mechanisms.
Effects of the ionic current dynamics on bandpass filtering
We examined the role of each ionic current in order to identify a possible biophysical mechanism of the bandpass filter. Fig. 3a shows the voltage-clamp currents in response to step polarizations from the resting membrane potential (approximately À36 mV) to select voltages. The voltage-clamp pulse was applied at time 0.5 s and terminated at time 3.5 s. The current-voltage (I-V) relationship at 0.5, 1.0, 1.5, and 3.5 s is shown in Fig. 3b . All currents except I photo and I L exhibited time-dependent changes during the voltage steps. I photo and I L flow as functions of voltage (refer to the equation in Appendix A). I Cl(Ca) , I K(Ca) , and I h exhibited distinct time-dependent changes in the I-V relationship. I Ca and I Kv exhibited fast dynamics and almost reached the steady state 0.5 s after the voltage steps. This result suggests that I Cl(Ca) , I K(Ca) , and I h control the time course of the light response of the rod. In order to examine the manner in which each ionic current contributes to bandpass filtering, the frequency responses were simulated by changing the model parameters associated with the current kinetics. Since the calcium dynamics is the main factor influencing I K(Ca) and I Cl(Ca) , calcium dependency was blocked in the model by maintaining a constant calcium concentration [Ca] s . The gain at lower frequencies increased when the calcium dependency of I K(Ca) was eliminated (Fig. 4a) , while it was slightly suppressed on eliminating the calcium dependency of I Cl(Ca) . On eliminating the calcium dynamics from both currents, the peaks around 10 Hz that were induced by smaller current injection disappeared, and the profile changed to that of a low-pass filter; the profile for higher frequencies, however, was unaffected (Fig. 4c) . For voltage-gated currents, we eliminated the time-dependencies by multiplying the rate constants with a constant factor-1000. The effects of I Kv on the frequency profile ( Fig. 4c) were insignificant. In contrast, Fig. 4e shows the effects of faster gating of I h . The peaks around 50 Hz induced by larger current injection were flattened, while the bandpass profile for smaller currents were almost unchanged. The bandpass characteristics completely disappeared when [Ca] s was maintained constant and when faster rate constants were used (Fig. 4f) .
In summary, two calcium-dependent currents affect the bandpass profile at lower frequencies ($0.2-2 Hz) for small signals (V < $5 mV in amplitude), i.e., I K(Ca) is responsible for the bandpass filter, while I Cl(Ca) weakly counteracts the action of I K(Ca) . In addition, I h affects the profile for higher frequencies ($3-20 Hz) of large signals. These results clearly show that the kinetics of ionic currents are important for producing bandpass filtering at the single rod. Detwiler et al. (1978 Detwiler et al. ( , 1980 observed that when a slit of light was flashed on the rod network, the time to peak of the voltage response was shortened as the signal propagates laterally. In order to examine whether this behavior could be produced by ionic current kinetics, we simulated the effect of flashing a slit of light on the rod network. In the control condition, the model generated responses highly similar to those measured experimentally (Fig. 5a) . The time to peak reduced in the more distant rods. This phenomenon is a consequence of the fact that a single rod itself behaves as a bandpass filter. Because the rods are electrically connected, the voltage response initiated in the stimulated rod induces current flow between rods, and therefore, the voltage response generated in the neighboring rod is bandpass filtered. This process continues successively, and the effect is prominent in the more distant rods due to the cascade of the bandpass filter.
Simulated responses to a slit of light
In order to demonstrate the contribution of the ionic currents to the light response, we performed a simulation without calcium and I h dynamics (Fig. 5b and c) . In the absence of calcium dynamics by keeping [Ca] s constant, the single rod behaves as a low-pass filter, and thus, the time to peak was longer in rods further away from a slit of light. In the absence of I h dynamics, the rod behaves as a bandpass filter for small signals as predicted from Fig. 4e , and the time to peak reduced in the distant rods. 
Discussion
In the present study, we analyzed the underlying mechanisms of a rod photoreceptor that behaves as a bandpass filter. The major discovery was that the kinetics of the ionic currents, I K(Ca) , I Cl(Ca), and I h characterize the bandpass filtering of rod signals.
In the previous studies, the bandpass filtering properties had been attributed to an inductance element (Detwiler et al., 1978) , a hyperpolarization-activated current (Armstrong-Gold & Rieke, 2003; Attwell & Wilson, 1980; Demontis, Longoni, Barcaro, & Cervetto, 1999; Mao, MacLeish, & Victor, 2003) , or a potassium conductance activated by calcium ions . These discrepancies were considered to be attributed to the range of voltage analyzed (Beech & Barnes, 1989) . While I h contributes to the bandpass dynamics in the rods, the current is mainly activated by large hyperpolarization and it shapes the initial transient for bright flashes, as shown in Fig. 1 . The driving force for I h is small near the resting membrane potential, causing less current flow for small signals. In contrast, I K(Ca) plays a major role in the small response range. Small hyperpolarizations from the resting potential slowly decrease the outward current flow, which in turn cause the response transient due to the negative feedback effect.
In order to identify the functional role of a particular ion channel, pharmacological manipulations, such as blocking the ion channels, have been widely used both in electrophysiological experiments and in computer simulations. These conventional techniques mostly change the voltage-dependent characteristics of the ionic current. However, if the resting membrane potential and the operating voltage range of the cell are changed by blocking the ionic current, it is not easy to understand the behavior of the current in the normal operating condition. This was the case in the present study. The membrane potential of the rod in the resting dark condition is controlled by balancing multiple ionic currents. In order to assess the function of each current, it is essential to manipulate the rate constants to analyze the effect of the time dependency of the ionic current on the response dynamics. This type of analysis is successful and is validated with a realistic model based on the ionic current mechanisms.
In the present study, we modeled the rod as two functional parts, namely, the outer and inner segments. The quantitative model designed by Forti, Menini, Rispoli, and Torre (1989) was used to achieve the phototransduction mechanism in the outer segment, which includes the Ca flow via the cGMP-gated channels in the outer segment. The outer segment was used as a current source in the parallel conductance model, and the spatial distribution of ion channels within the rod photoreceptor was not considered. Our model reproduced the voltage-and current-clamp responses of the isolated photoreceptor reasonably well and was used to determine the light response properties of a single rod (Kamiyama et al., 1996, and Fig. 4) . However, MacLeish and Nurse (2007) have recently analyzed the spatial distribution of ion channels in isolated rods and demonstrated that I Cl(Ca) flows exclusively through the synaptic terminal. They also suggested that other currents such as I K(Ca) , I Kv , and I h mainly flow through the soma and/or the inner segment. Although the present model can account for many features of the rod observed experimentally, we still need to develop a more realistic model of the rod such as a multicompartmental model on the basis of these new findings.
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